Introduction
Transdermal administration of drugs represents an excellent alternative to conventional pharmaceutical dosage forms. Transdermal delivery provides convenient and painfree self-administration for patients. It eliminates frequent dosing administration and peaks and troughs in plasma level associated with oral dosing and injections to maintain a constant drug concentration, so that drugs with a short half-life can be delivered effectively. However, transdermal drug delivery often faces the problem of no or insufficient penetration of the active pharmaceutical substance tion apparatus and their cost. Therefore, in the present study we aimed to evaluate the chemical or formulation approach with skin permeation-enhancing ability using a liquid crystal LC formulation. LCs are semisolids made of lipids with crystalline structures combining the properties of both crystal and liquid states. Glycerol monoolate GMO Fig. 1 is one of the most widely studied LC-forming lipids used for topical application, and it is considered the gold standard for developing LC formulations 6, 7 . In the present study, we investigated the skin penetration enhancing effect of a novel LC-forming lipid, C 17 -monoglycerol ester MGE Fig. 1 , and the results obtained were compared with those with GMO. Although previous studies have provided information on LC formulations for transdermal drug delivery 8, 9 , very few studies have focused on the skin penetration-enhancing ability of LC-forming lipids with different physiochemical properties of drugs. GMO is a very well-known self-assembling amphiphilic molecules that form a variety of crystalline structures with useful mechanical properties of special interest in drug delivery. In the presence of a small amount of water, GMO forms reversed micelles characterized by an oily texture 10 .
As more water is added, a mucous-like system is formed that corresponds to the lamellar phase. GMO forms cubic or hexagonal phases when more water is added 20-40 over a wide temperature range. These phases are highly viscous, in the presence of high amounts of water in temperatures ranging from 20-70 , the cubic and hexagonal phases might exist in a stable condition 11, 12 . Previous research has demonstrated that the LC phases of GMO such as the cubic and hexagonal phases, increased transdermal drug delivery. As a transdermal absorption enhancer, GMO probably acts by causing a temporary and reversible disruption of the lamellar structure of the lipid bilayer in the stratum corneum and, in this way, increasing intercellular lipid fluidity 13 .
In general, LCs can be classified into two categories, i.e., thermotropic and lyotropic. Thermotropic LCs are formed by a change in temperature, whereas lyotropic phases are obtained when mixed with several solvents. Lyotropic LCs usually consist of amphiphilic substances such as surfactants and solvents. Amphiphilic substances become micelles at a low concentration, consisting of a cluster of molecules with their polar groups oriented in water. This is a liquid isotropic phase, where isotropic means identical properties of the structure in all directions. More ordered structures such as lamellar, cubic, and hexagonal phases are formed with higher concentrations of lipids. These structures are formed because there is insufficient water to fill up spaces between the spherical or elongated micelles 14, 15 . Depending on the solvent concentration and the polarity of solvated mesogen, these systems can undergo phase transitions and structural modifications. Thus, their physiochemical and rheological properties can be systematically changed as required 16, 17 . Lyotropic LCs systems are spontaneously formed by various amphiphilic lipids such as GMO or phytantriol PHT in excess amounts of water with the presence of surfactants. Commonly encountered phases in lyotropic LCs include lamellar, cubic, and hexagonal phases 18, 19 . Among them, cubic and hexagonal phases have received much attention because of their highly ordered internal structures, and can be used as a slow release matrix for active pharmaceutical ingredients with various molecular sizes and polarities 20, 21 .
Cubic and hexagonal LCs are often formed spontaneously by the addition of certain amphiphilic lipids in an aqueous environment 22 . When these LCs are dispersed into nanoparticles by the addition of excess water with stabilizers such as Pluronic copolymers and Myrj series 23, 24 , they form stable colloidal dispersions that are termed cubosomes and hexosomes, respectively 25, 26 . Cubic bicontinuous phases have been identified, based on their surfaces: primitive Im3m , diamond Pn3m , and, most frequently, gyroid Ia3d bicontinuous LC phases. Hexagonal phases are formed by tubular aggregates and are either normal H 1 or inverted H 2 hexagonal LC phases.
In the present study, we initially prepared LC formulations containing drugs with different physiochemical properties tranexamic acid TXA , 4-methoxy-salicylic acid 4-MS , catechin CC , and calcein Cal Table 1 . These formulations were prepared using two different types of LC-forming lipids: MGE and GMO Fig. 1 . The chemical structures of MGE and GMO are showed in Fig. 1 . As mentioned above, GMO is the most widely studied LC-forming lipid, but no previous studies have utilized the skin permeation enhancing ability of MGE.
The confirmation of LC phase structures in the prepared formulations was undertaken using a polarizing light micro- Fig. 1 Chemical structures of C 17 -monoglycerol ester MGE and glyceryl monooleate GMO .
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scope and small-angle X-ray scattering SAXS . The physicochemical measurements of these formulations were performed using a viscometer and a Zetasizer. The release of drugs from LC formulations was determined using a dialysis release method. The skin penetration-enhancing ability of LC formulations was also investigated by in vitro skin permeation studies.
Materials and methods

Materials
MGE with a normal purity of 99.56 and GMO with a normal purity of 97 were obtained from Farnex Co., Inc. Yokohama, Japan . TXA was purchased from Sigma Aldrich St. Louis, MO, USA . 4-MS, CC, and Cal were purchased from Tokyo Chemical Industry Co., Ltd. Tokyo, Japan . Other reagents and solvents were of special grade or HPLC grade and used without further purification. Table 2 shows the composition of LC formulations prepared in this study. These formulations were designed based on a 1:1 ratio of the active ingredient in distilled water drug solution and LC-forming lipids. GMO was melted at 70 before use, but MGE was dispersed with drugs solution without preheating. The mixture was dispersed using a microsyringe dispenser 250 µL syringe Ito Corporation, Shizuka, Japan .
Preparation of liquid crystalline formulation
Polarizing light microscopic examination
The LC samples were observed using a polarizing light microscope Olympus IX71, Tokyo, Japan . A pin-tip amount of the LC-forming lipid or LC formulation was smeared onto a microscope glass slide using a microsyringe dispenser and then quickly covered with a cover slip. The microsyringe containing LC-forming lipid or LC formulation was slowly pressed over the glass slide to make it as thin as possible. GMO was melted at 70 before pressing it over the glass slide, but MGE was pressed without preheating. A 40 objective lens and 10 eyepiece lens were used with cross polarizers in the bright field to detect birefringence. Micrographs was taken using the polarizing microscope.
Measurement of particle size and zeta potential
The particle size and zeta potential of LC formulations were determined using a dynamic light scattering Nano-ZS ZEN3600 Zetasizer Malvern Instruments Ltd., Worcestershire, UK . LC samples were diluted in water and shaken using a vortex mixer prior to measurement. Following the particle size analysis of the LC formulations, the mode was switched from Size to Zeta, and the zeta potential of the LC formulations was recorded. Each measurement for the particle size and zeta potential was repeated three times.
Measurement of viscosity
The viscosity of LC-formulations was measured using a viscometer Toki Sangyo Co., Ltd., Tokyo, Japan that allowed a sensitive determination of viscosity within a 
SAXS measurement
SAXS measurement of LC-formulations was performed using a Nano-Viewer Rigaku, Tokyo, Japan with a Pilatus 100K/RL 2D detector. The X-ray source was Cu Kα radiation with a wavelength of 1.54 Å and operating at 45 kV and 110 mA. The sample-to-detector distance was set at 375 mm. Each sample was placed into a vacuum-resistant glass capillary cell and exposed at 25 for 10 min. The SAXS pattern obtained was plotted against the scattering vector length, q 4π/λ sin θ/2 ,where θ is the scattering angle.
Release study
A dialysis membrane molecular weight cut-off; 2,000-14,000 Da Sanko Junyaku Co., Tokyo, Japan was set in a vertical-type diffusion cell effective diffusion area: 0.95 cm 2 and the receiver chamber was maintained at 32 .
Phosphate-buffered saline PBS; pH 7.4 was applied to the receiver chamber for TXA, 4-MS, and CC, and PBS containing 1.0 mM EDTA·2Na was used for Cal. Drug solution 1.0 mL or its LC formulation 300 mg was applied to the donor cell to start the release experiment. An aliquot 500 µL was withdrawn from the receiver chamber, and the same volume of PBS or 1.0 mM EDTA·2Na was added to the chamber to keep the volume constant. The amount of TXA, 4-MS, and CC released was determined using an HPLC Shimadzu Ltd., Kyoto, Japan . In case of Cal, the amount released was determined using a fluorescence spectrophotometer Shimadzu Ltd., Kyoto, Japan . The cumulative drug release was plotted against the square root of time Higuchi s law 27 .
Animals
Male hairless rats 8 weeks old were purchased either from Life Science Research Center, Josai University Sakado, Saitama, Japan or Ishikawa Experiment Animal Laboratories Fukaya, Saitama, Japan . Animals were housed in temperature-controlled rooms 25 2 with a 12 h light-dark cycle 07:00-19:00 h . The rats were allowed free access to food Oriental Yeast Co., Tokyo, Japan and tap water. The animal experiment protocol was approved by the Animal Care and Use Committee of Josai University Sakado, Saitama, Japan .
In vitro skin permeation study
Full-thickness hairless rat skin was excised from the abdomen under anesthesia by i.p. injection of three types of anesthesia medetomidine, 0.375 mg/kg; butorphanol, 2.5 mg/kg; and midazolam, 2 mg/kg . The excess fat was trimmed off and the skin samples were set in vertical-type diffusion cells effective diffusion area: 0.95 cm 2 with the epidermis side facing the donor compartment. PBS pH 7.4 with or without 1.0 mM EDTA·2Na was applied to the receiver chamber as in the release experiment and maintained at 32 . These skin permeation experiments were conducted after hydration for 60 min with PBS with or without 1.0 mM EDTA·2Na. Drug solution 1.0 mL or its LC-formulation 300 mg was applied to the donor cell to start the in vitro skin permeation experiment. An aliquot 500 µL was withdrawn from the receiver chamber, and the same volume of PBS with or without 1.0 mM EDTA·2Na was added to the chamber to keep the volume constant. The skin permeation of TXA, 4-MS, and CC was determined by HPLC, and that of Cal was determined using a fluorescence spectrophotometer.
HPLC conditions
The same volume of acetonitrile containing parabens was added to TXA, 4-MS, and CC samples. After gentle mixing, the sample was centrifuged for 5 min at 21,500 g and 4 to remove proteins and contaminants. The supernatant was injected onto the HPLC. The HPLC system consisted of a pump LC-10AD; Shimadzu, Kyoto, Japan , Chromatopac C-R6A; Shimadzu , UV detector SPD-6A; Shimadzu , system controller SCL-6B; Shimadzu , and auto-injector SIL-7A; Shimadzu . The LiChroCART Figure 2 shows samples observed using a polarizing light microscope. No optical anisotropy was observed in cases of MGE and GMO alone a, b because these lipids cannot form crystalize structures without excess amount of water. In case of MGE-and GMO-LC formulations, they showed clear optical anisotropy on the displayed image c, d, e, f, g, h, i, j . Moreover, these formulations appeared as uniform opaque ointment-like mixtures with no visible signs of aggregates.
Results
Polarizing light microscopic examination
In general, if there was any materials with high birefringence, the light output by the top layer, a linear polarizer, may cause optical anisotropy to appear on the displayed image, depending on the orientation of the viewer with respect to the display. These results showed that the present LC formulations were managed successfully to form crystallized formulations because of high birefringence with the polarizing light microscope.
SAXS chart of LC formulations
The phase structure of TXA-, 4-MS-, and CC-MGE and GMO formulations was evaluated by SAXS. Figure 3 shows the X-ray diffraction profiles of all the formulations. The typical reflection patterns at nearly 1, 3, and 4 revealed the presence of a hexagonal phase H 1 , H 2 in all prepared formulations a-d e-h in Supplementary data 28, 29 . These results confirmed that both MGE-and GMO-LC formulations managed to form hexosomes successfully.
Measurement of particle size and zeta potential
The particle size and zeta potential of LC formulations were determined immediately Fig. 4a, b and 10 days Fig.  4c, d in Supplementary data after their preparation. The results showed that both MGE-and GMO-LC formulations had small particle sizes ranged between 220 and 280 nm, and the zeta potential of these formulations was ranged between 17 and 30 mV. In addition, no significant changes were observed in particle size or zeta potential at 10 days after their preparation.
Measurement of viscosity
The viscosity of LC formulations was measured using a viscometer. Figure 5 shows the obtained viscosity values. These values were affected dramatically by the type of LCforming lipids used in the preparation. The viscosity values of LC formulations with MGE were significantly lower than those with GMO. These results showed that MGE-LC-formulations has lower viscosity than GMO-LC-formulations, and its low viscosity made it easy to handle and more practical for drug loading. GMO requires melting at 70 before its use for formulation preparation, but MGE was dispersed with drug solution without preheating owing to its low viscosity.
Drug release properties from LC formulations
The release study was performed using a vertical-type diffusion cell. Figure 6 shows the release profile of TXA, 4-MS, CC, and Cal from their MGE and GMO formulations. All profiles were obeyed to Higuchi s law 23 . The amounts of TXA, 4-MS, CC, and Cal released from MGE formulations were 13.9 2.5 , 23.7 3.2 , 16.7 2.8 , and 9.6 0.8 , respectively, against the initial dosing. In the case of GMO formulations, the amounts of TXA, 4-MS, CC, and Cal released were 7.3 1.6 , 14.4 2.2 , 10 1.8 , and 6.1 0.9 , respectively, against the initial dosing. These results might be related to the high viscosity of GMO-LC formulations and thus could affect the drug diffusivity and the release rate. Figure 7 shows the effect of MGE and GMO formulations on the time course of the cumulative amount of TXA, 4-MS, CC, and Cal that permeated through hairless rat intact skin. Significant improvements in skin permeation of TXA, 4-MS, and CC were observed after application their MGE and GMO formulations compared with that permeated from drug solution dissolved in water . The enhancement skin permeation ratios for TXA-, 4-MS-, CC-, and Cal-MGE formulations were 4.6, 3.5, 4.2, and 5.5, respectively, and those for TXA-, 4-MS-, CC-, and Cal-GMO formulations was 2.5, 2.6, 3.1, and 3, respectively. These results clearly showed that MGE formulations had better skin permeation enhancement effect compare with GMO formulations.
Skin permeation of drugs from LC formulations
Discussion
LC-forming lipids represent an important class of biocompatible amphiphiles, and their application extends to several fields, such as cosmeceutical, dietary, and pharmaceutical technologies 30 . In recent years, the LC phases formed by LC-forming lipids have been shown to be able to accommodate biologically active molecules such as vitamins, enzymes, and other proteins 31 33 . This ability opens new possibilities for pharmaceutical applications. Previous researches have demonstrated that the LC phases, such as cubic and hexagonal phases, increased transdermal drug delivery 8, 34 . The advantages of LC formulations for transdermal drug delivery systems might include biocompatibility and the ability to self-assemble their structure 19 .
In the present study, we investigated the usefulness of MGE-LC as a new skin permeation enhancing approach, and the obtained results were compared with GMO as one of the most widely studied LC-forming lipids used in topical formulations.
TXA, 4-MS and CC drug models were selected due to their topical therapeutic beneficial. Topical application of TXA to bleeding wound surfaces can reduce the blood loss. 4-MS can be used to treat skin conditions that involve scaling or overgrowth of skin cells such as psoriasis, ichthyoses, corns, calluses, and warts on the hands or feet. CC can inhibit skin tumorigenesis, reducing inflammation, protecting skin from UV-induced various damages and inhibiting formation of melanin. However, these drug models have low transdermal absorption 35, 36 . Moreover, Cal has low transdermal absorption because of its hydrophilicity and large molecular weight. Therefore, TXA, 4-MS, CC and Cal were selected as drug models for skin studies. We prepared LC formulations using MGE and GMO containing drugs based on a 1:1 ratio, as shown in Table 2 . These formulations were prepared by extruding lipid dispersion 50 times with a microsyringe dispenser, to incorporate high percentage of lipid 50 with the drug solution 
50
. This technique has an advantage by mixing high concentration of lipid up to 50 with the drug solution without the aid of dispersant. Non-uniform mixtures with high viscus aggregate were observed using other techniques such as homogenizer and ultrasonic even in the presence of dispersants.
Birefringence was investigated for the prepared formulations using a polarizing light microscope. As a result, TXA-, 4-MS-, CC-, and Cal-MGE and GMO formulations showed a clear optical anisotropy on the images Fig. 2c-j ; however, no optical anisotropy was observed in the case of MGE and GMO alone Fig. 2a, b . These results strongly suggested that both MGE and GMO formulations managed to form crystalline formulations successfully because of the high birefringence of these formulations.
Furthermore, the phase structure of the formulations was examined by SAXS, and the results showed that typical reflection patterns at nearly 1, 3, and 4 for both MGE and GMO formulations revealed the presence of a hexagonal phase H 1 , H 2 Fig. 3a-d Fig. 3e -h in Supplementary data . The driving force of forming hexosome systems is the physically applied shear stress by microsyringe dispensers.
The critical packing parameter CPP is useful in predicting which phases can be preferentially formed by a given lipid. When CPP 1, oil-in-water self-assembled structures form, such as normal micelles, normal cubic structure, and normal hexagonal phases. When CPP 1, water-in-oil selfassembled structures form, such as reversed micelles, reversed cubic structure, and reversed hexagonal structure 37 . Additives or active ingredients might affect CPP as well as the LC phase structure. Generally, GMO formed the invert-type LC with CPP 1 10 . No previous studies have performed on the effect of CPP on the LC phase structure formed by MGE. Previous studies have reported that the hexagonal phase presents some advantages. It has a larger surface area to interact with the skin, high fluidity, and can be incorporated into compounds independently of their solubility 38, 39 .
Although a hexagonal phase H 1 , H 2 was formed in all prepared formulations, factors such as concentration of lipid and drug could influence the phase transition of these formulations. Further studies are necessary to be conducted to understand the effect of such factors on the phase transition of LC formulations. The particle size and zeta potential of MGE-and GMO-LC formulations were determined immediately mentary data . The obtained data showed that these formulations had small particle size 220-280 nm and the zeta potential ranged between 17 and 30 mV. In addition, no significant changes were observed in the particle size or zeta potential measurements at 10 days after preparation. These results suggested that the present MGE and GMO formulations had small particle size with high surface charges and electrical repulsion between the particles, and thus their aggregation was prevented even 10 days after preparation. The zeta potential present strong negative values for all the analyzed samples, indicating the predominance of repulsive forces. The reason why LC formulations showed negative zeta potential values is due to the present of free oleic acid in the lipid phase may give rise to the negative charge of the particles. In addition, the negative charge can also be explained by preferential adsorption of hydroxyl ions at the lipid-water interface.
These results were consistent with previous findings on the zeta optional of LC formulations 40 .
Furthermore, the viscosity of the formulations was measured. The viscosity of LC formulations with MGE was significantly lower than those with GMO. In contrast to MGE, the high viscosity of GMO makes it less easy to handle, impractical for drug loading, and requires melting at 70 before use. These results suggested that the type of LCforming lipid dramatically affected the viscosity of the formulation Fig. 5 . In consequence, the drug release results showed that the low viscosity of MGE-LC-formulations could influence the drug diffusivity and the release rate of the entrapped drugs in its formulations Fig. 6 . In general, hydrophilic drugs tend to be located close to the polar head of lipid or in the water channels water phase , whereas lipophilic drugs will be loaded in the lipid bilayer and amphiphilic drugs in the interface lipid phase . The aqueous and lipid phase in our formulation design were in a ratio 1:1, therefore, these formulations can accommodate a wide range of different physiochemical drugs. The obtained release profiles suggest that the viscosity of hexagonal is the decisive factor that mainly influenced of drug diffusion in LC-formulations. The low viscosity of MGE could be related to the chained-liked terpenes and double bound in its structure Fig. 1 .
In vitro skin permeation experiment was carried out using hairless rat skin. Correlation of skin permeation of chemicals to human skin is very important, previous studies showed a good relationships of skin permeation of chemicals between human and hairless rat skin 41, 42 . Significant improvement in the skin permeation of different drugs was observed after application of MGE and GMO formulations Fig. 7 . The enhancement of the skin permeation ratio of MGE formulations was higher than those of GMO formulations. These results clearly showed that MGE formulations managed to improve the skin permeation enhancement effect compared with GMO formulations. These findings could be related to the low viscosity of MGE formulations, and this might offer better drug diffusivity and influence the movement and permeation of the drugs in and across the skin. The detailed mechanism of the skin permeation enhancing ability by LC systems is not fully understood 43 . It was speculated that cubic structure with similar nano-structure as the skin, increases the interaction between skin and formulation and enhances the skin permeation 44, 45 . A previous study 46 reported that the hexagonal phase may facilitate the fusion of LCs with the stratum corneum and deeper skin layers and thereby may improve drug delivery to the skin. Moreover, the hexosome system, owing to its larger surface area to interact with the skin and high fluidity, can be incorporated into compounds independently of their solubility 38, 39 . Further studies are needed to clarify the mechanism and effect of LC phase structure on the skin permeation of drugs.
Conclusion
The present study confirmed that both MGE-and GMO-LC-forming lipids shared the same behavior in terms of their birefringence index, LC phase structure, particle size, and zeta potential. Both the MGE-and GMO-LC formulations managed to improve skin permeation of various physiochemical properties of the drugs. However, MGE formulations had lower viscosity, faster drug release, and better skin permeation than GMO formulations. Our results strongly suggested that the low viscosity of MGE-LC-formulations might influence drug diffusivity and permeability through skin. The present MGE-LC forming lipid can be utilized as a promising new topical formulation for therapeutic drugs and cosmetic ingredients.
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